Abstract. SET and MYND domain-containing protein 3 (SMYD3) is a histone H3 lysine 4 (H3K4) di-and trimethyltransferase that forms a transcriptional complex with RNA polymerase II and plays an important role in early embryonic lineage commitment through the activation of lineage-specific genes. SMYD3 activates the transcription of oncogenes and cell cycle genes in gastric and breast cancer cells. However, the contribution of SMYD3 in glioma tumorigenesis remains unknown. Here, we determined the expression of SMYD3 and assessed its clinical significance in human glioma. We found that SMYD3 was overexpressed in human glioma but not in normal brain tissue. The level of SMYD3 protein expression in human glioma tissues was directly correlated with the glioma grade. The level of SMYD3 protein expression in human glioma tissues was inversely correlated with patient survival. Enforced SMYD3 expression promoted glioma LN-18 cell proliferation. Inhibition of SMYD3 expression in glioma T98G cells suppressed their anchorage-independent growth in vitro and tumorigenicity in vivo. Furthermore, we found that SMYD3 regulated the expression of p53 protein, which is essential in SMYD3-induced cell growth in glioma cells. These results showed that SMYD3 is overexpressed in human glioma and contributes to glioma tumorigenicity through p53. Therefore, SMYD3 may be a new potential therapeutic target for human malignant glioma.
Introduction
Malignant gliomas are the most common primary intrinsic brain tumors and are highly lethal (1, 2) . Despite advances in neurosurgery, radiotherapy, and chemotherapy, the prognosis of malignant glioma remains dismal, with an estimated median survival of <1 year (1, 3) . With the emergence of biologically target-based therapies, it is important to identify new therapeutic targets and to develop novel targeted treatments to battle this deadly disease (1, 4) . Insights into the pathogenesis of gliomas are likely to arise from the study of inherited cancer syndromes, in which affected individuals are prone to the development of glial malignancies.
Epigenetics, which is defined as heritable changes in gene expression that are not coded in the DNA sequence itself, is increasingly linked with tumorigenesis (5) . Among the epigenetic regulatory mechanisms, histone methylation has demonstrated the power of modifications over the DNA gene (6) . A recent study identified the SET and MYND domain-containing protein 3 (SMYD3), which possesses histone methyltransferase activity responsible for catalyzing the methylation of histone H3 at K4 (7) . SMYD3 interacts with its binding motif 5'-CCCTCC-3' in the promoter region of its target genes (7) . These downstream genes include several oncogenes as well as genes involved in the control of the cell cycle and signal transduction (8) . The functions of such downstream genes are involved in numerous aspects of the process of cell growth and apoptosis (8) . SMYD3 expression was shown to be enhanced in hepatocellular carcinoma (HCC) and involved in the growth of HCC cells (9) . Overexpression of SMYD3 has been observed in breast and gastric cancer tissues (10, 11) . In addition, it was confirmed that SMYD3 was essential for the proliferation and migration in NIH3T3 cells (12) . These results suggest that SMYD3 plays a role in the oncogenesis of certain malignancies. However, whether SMYD3 expression contributes to glioma development and progression is not known.
The p53 protein has been demonstrated to have an essential role in glioma cell proliferation, motility and invasion (13) . Lower expression of p53 has been observed in glioma tissues compared with that in normal samples, and lower levels of p53 are associated with both an increased risk of lymph node metastases and poor prognoses (14) . Chuikov et al demonstrated that SETD7 methylates lysine 372 of p53 (p53K372) and that this methylation enhances p53 stability and transcriptional activity. K372-methylated p53 is restricted to the nucleus, although p53 is equally distributed between the nuclear and cytosolic fractions (15) . Subsequently, Huang et al showed that the PKMT SET and MYND-domain containing 2 (SMYD2) monomethylates lysine 370 of p53 (p53K370); this lysine residue is located in the regulatory domain at the extreme carboxyl terminus of p53 (16) . Knockdown of SMYD2 by small interfering rNA enhances p53-mediated apoptosis in cancer cells (16) . In addition, SMYD2-dependent p53K370 methylation impairs the expression of CDKN1A, an important downstream target of p53, implying that SMYD2 represses the function of p53 through K370 monomethylation. Moreover, p53K372 methylation by SETD7 seems to inhibit SMYD2-dependent p53K370 methylation through blocking the interaction between SMYD2 and p53 (16) . But whether SMYD3 can modulate p53 expression remains unknown.
In the present study, we sought to determine whether and, if so, how SMYD3 regulates the growth of glioma. We found that SMYD3 was overexpressed in human glioma but not in normal brain tissue. Enforced SMYD3 expression promoted glioma cell proliferation. Inhibition of SMYD3 expression in glioma cells suppressed their anchorage-independent growth in vitro and tumorigenicity in vivo. Furthermore, we found that SMYD3 regulates the expression of p53 protein, which is essential in SMYD3-induced cell growth in glioma cells. These results showed that SMYD3 is overexpressed in human glioblastomas and contributes to glioma tumorigenicity.
Materials and methods

Samples, cells and antibodies.
Human normal brain tissues and glioma tissue samples were obtained from patients who underwent therapeutic surgical procedures at the Department of Neurosurgery, Beijing Tian Tan Hospital, Capital Medical university. The adult normal brain tissues as normal controls were obtained from surgical resections of 18 trauma patients. Clinicopathological features and treatment strategies of all the glioma patients are shown in Table I . All experiments were approved by the Ethics Committee of Beijing Tian Tan Hospital and informed consent was obtained from all patients prior to specimen collection. Human glioma cell lines, HEB, u87, u373, lN-18 and T98G, were obtained from the American Type Culture Collection (ATCC; Manassas, VA, uSA). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco-Brl, Grand Island, NY, uSA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and cultured at 37˚C, in 5% CO 2 in a humidified chamber. Mouse monoclonal SMYD3, p53, p21 and β-actin antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, uSA).
Plasmid construction and transfection. For overexpression, the cDNA representing the complete open reading frame of SMYD3 was cloned into the pBabe vector to generate the SMYD3 expression plasmid. The expression plasmid was verified by sequencing both strands and was used to transfect the LN-18 cells to establish the SMYD3 overexpression cell line. For SMYD3 rNA interference, the control (pSuper) and pSuper-sh SMYD3 plasmids were purchased from OligoEngine (Seattle, WA, uSA) and were used to transfect the T98G cells to establish the SMYD3 knockdown cell line. The transfection efficiency of SMYD3 was confirmed by western blotting and quantitative reverse transcription-PCr (qrT-PCr) analyses.
MTT assay. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess cell proliferation. The cells were seeded and 20 ml of the MTT solution (5 mg/ml) was then added to each well at the indicated time. The absorbance at 570 nm was measured using a microplate reader (Bio-rad, Hercules, CA, uSA).
Immunohistochemistry. Paraffin-embedded sections were deparaffinized, blocked and incubated with antibody at 4˚C overnight. Horseradish peroxidase-conjugated secondary antibody (1:500) was then added and further incubated for 1 h at room temperature. The sections were developed using a 3,3'-diaminobenzidine tetrahydrochloride (DAB) substrate kit at room temperature for 1-5 min and then counterstained with hematoxylin. The extent of immunostaining was quantified by counting the percentage of positive cells and classified into four groups: 0, <25% positive cells; 1, 25-50% positive cells; 2, 51-75% positive cells; and 3, >75% positive cells (17) . The immunohistochemistry score cut-off point was established as 30 using X-tile software program (version 3.6.3; Yale university School of Medicine, New Haven, CT, uSA).
Colony formation assay. The cells were seeded in 6-cm dishes at a density of 300 cells/dish. After incubation for 14 days, the colonies were fixed with methanol for 10 min and stained with crystal violet for 15 min, after which point the number of colonies containing >50 cells was scored (18) .
Western blot assay. Equal amounts of protein were separated using SDS polyacrylamide gels and were electrotransferred to polyvinylidene fluoride membranes (Millipore, Bedford, Table I . SMYD3 staining and clinicopathological characteristics of the 46 glioma patients. MA, uSA). The membranes were immunoblotted overnight at 4˚C with primary antibodies, followed by their respective secondary antibodies. β-actin was used as the loading control.
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qRT-PCR. RNA was extracted using TRIzol reagent, according to the manufacturer's recommended instructions (Invitrogen). qrT-PCr was performed using Applied Biosystems (Foster City, CA, uSA) StepOne and StepOne Plus real-Time PCr Systems. GAPDH was used as a loading control. The experiments were repeated a minimum of three times to confirm the results.
Immunofluorescence staining. The cells were grown on sterile coverslips, and then the cells were fixed with 4% paraformaldehyde and permeabilized using 0.1% Triton X-100. Cells were blocked with the primary antibody followed by rhodamine-conjugated anti-rabbit secondary antibody. Finally, the cells were further stained with 4',6-diamidino-2-phenylindole (DAPI).
In vivo tumorigenesis assays. The in vivo tumorigenesis and metastasis assays were performed as previously described (19) . Briefly, 1x10 6 cells were injected subcutaneously into the right flanks of severe combined immunodeficiency (SCID) mice. Tumor length (l) and width (W) were measured every 3 days, and tumor volume was calculated using the equation: Volume = (W 2 x l)/2. After 5 weeks, the mice were sacrificed and the tumor volume and weight were measured. All of the animal experiments were performed with the approval of the Weifang People's Hospital Animal Care and use Committee.
Statistical analysis. Experimental data are shown as mean ± standard deviation (SD). The results from different treatment groups were compared using a two-tailed Student's t-test. The Kaplan-Meier method was used to estimate the probability of patient survival, and differences in the survival of subgroups of patients were compared using Mantel's log-rank test. Differences were considered to be statistically significant at a value of P<0.05. Statistical analysis was carried out with SPSS/Win11.0 software (SPSS, Inc., Chicago, Il, uSA).
Results
Expression of SMYD3 is directly correlated with the grade of glioma and is associated with decreased patient survival.
We analyzed SMYD3 expression in human normal brain and glioma tissues by immunohistochemistry. No staining was detected in the normal human brain samples, and the SMYD3 protein was nearly expressed in all human glioma samples. The protein was localized in the nuclei of the tumor cells (Fig. 1A) . The ratio of SMYD3-positive cells in the glioma samples was higher than that in the human normal brain samples (Fig. 1B) . A high level of SMYD3 expression was significantly more common in glioma tissues with high pathologic grade than the level in tissues with low pathologic grade (P=0.001, Table I ). No significant association was found between SMYD3 expression and gender, diameter, tumor locus or age at diagnosis. Kaplan-Meier survival analysis showed significant prolongation of survival in patients with SMYD3 low-expression gliomas compared with the survival of patients with SMYD3 high-expression gliomas (Fig. 2) . The cut-off point was established using the X-tile software program. These results indicated that increased expression of SMYD3 was significantly associated with poor overall survival of the glioma patients.
Transfection efficiency of SMYD3 in glioma cell lines.
We next analyzed the expression of SMYD3 protein in the immortalized normal human astrocyte cell line HEB and glioma cell lines u87, u373, lN-18 and T98G. Significantly higher expression of SMYD3 protein (Fig. 3A and B) and mrNA (Fig. 3C) was evident in the u87, u373, lN-18 and T98G glioma cell lines when compared with that in the immortalized normal human astrocyte HEB cells. The SMYD3 expression plasmid pBabe-SMYD3 was transfected into lN-18 cells. After selection with puromycin, SMYD3 expression was assayed by western blot analysis (Fig. 3D ) and qrT-PCr (Fig. 3E ). T98G is a highly tumorigenic human glioma cell line commonly used in glioma research. This cell line was infected with pSuper-shSMYD3 or the control (pSuper) to investigate the effect of SMYD3 knockdown on the proliferation and colony formation of glioma cells. Western blot analysis (Fig. 3F ) and qrT-PCr (Fig. 3G ) demonstrated that the protein and mrNA expression levels of SMYD3 were significantly suppressed in the cells infected with pSuper-shSMYD3.
SMYD3 promotes glioma cell proliferation in vitro.
The effect of SMYD3 overexpression on cell proliferation was determined to characterize the functions of SMYD3 in glioma. The ability of the SMYD3-expressing lN-18 cells to form spheres was analyzed to determine the function of SMYD3 in cellular transformation. The colony formation assay revealed that SMYD3 overexpression significantly increased the number of colonies in the LN-18-pBabe-SMYD3 cells (Fig. 4A) . The MTT assay showed that the LN-18-pBabe-SMYD3 cells displayed a higher proliferation rate than that of the control cells (Fig. 4B) . The colony formation assay revealed that SMYD3 suppression significantly decreased the number of colonies (Fig. 4C) . The results of the MTT assay also showed that SMYD3 suppression in the T98G cells was associated with decreased cell proliferation (Fig. 4D) . As PCNA is an important marker of cell proliferation, we next examined PCNA by immunofluorescence staining. As shown in Fig. 5A , we found that the overexpression of SMYD3 in lN-18 cells significantly upregulated PCNA staining. In addition, knockdown of SMYD3 in T98G cells markedly downregulated the staining of PCNA (Fig. 5B) . These results further confirmed that SMYD3 was involved in the proliferation of glioma cells.
Knockdown of SMYD3 inhibits glioma cell tumorigenesis in vivo.
To explore the effects of SMYD3 on tumorigenesis in vivo, T98G-shSMYD3 and its control cells were injected subcutaneously into the flanks of nude mice. The diameters of the tumors were measured every 7 days. We found that the control cells formed tumors earlier and that the tumor volumes were much larger in those that were formed from the control cells than in those that were formed from the SMYD3 knockdown cells (Fig. 6A and B) . As shown in Fig. 6C , the tumor weight of the T98G control was much higher than that of the SMYD3-knockdown cells. These results revealed that SMYD3 promotes glioma cell xenograft formation and growth in vivo.
Inactivation of p53 contributes to SMYD3-induced oncogenic activities.
Previous studies have shown that p53 is important in glioma cell proliferation (20) . Thus, this study investigated whether p53 is modulated by SMYD3 in glioma cells. We found that SMYD3 overexpression in lN-18 cells significantly decreased expression of p53 and its target protein p21 (Fig. 7A) . In contrast, SMYD3 knockdown in T98G cells significantly increased the expression levels of p53 and p21 protein (Fig. 7A) . These results suggest that SMYD3 promotes glioma cell growth partly through p53 inhibition.
To test whether p53 is involved in the SMYD3 induced proliferation, we determined the role of p53 in shSMYD3-induced proliferation inhibition by knocking down p53 expression using sirNA in T98G cells. The p53 knockdown efficiency was detected using western blot analysis at 48 h after transfection (Fig. 7B) . As shown in Fig. 7C and D, the proliferation inhibition that was induced by shSMYD3 was obviously reversed following p53 knockdown using sirNA. To recognize any clinical correlation of SMYD3 and p53, we analyzed p53 expression in the same human glioma tissues. A highly negative correlation between SMYD3 and p53 expression was confirmed (Fig. 7E) . This result was consistent with and further supports our above analysis. These results confirmed that p53 is involved in the SMYD3-mediated proliferation ability in glioma cells.
Discussion
Gliomas account for >50% of all primary brain tumors, and nearly two-thirds of gliomas are highly aggressive with 'malignant' pathological features (WHO grade III or IV) (2). Glioma Figure 7 . Inactivation of p53 contributes to SMYD3-induced oncogenic activities. The expression of p53 protein in the SMYD3-overexpression and -knockdown cells was examined using western blotting. (B) The p53 knockdown efficiency was detected using western blot analysis at 48 h after transfection. (C) Cell proliferation after SMYD3 knockdown and p53 knockdown in T98G cells was determined using colony formation assays. (D) Cell proliferation after SMYD3 knockdown and p53 knockdown in T98G cells was determined using MTT assays. (E) SMYD3 expression was negatively correlated with p53 expression in the glioma tissues. cells are a mixture of heterogeneous cell populations, and numerous factors are likely to be involved in dictating recurrence, progression and patient survival (4) . Despite advances in the neurosurgical, radiotherapeutic, and chemotherapeutic treatment of gliomas, the prognosis generally remains poor. This study aimed to characterize the functions of SMYD3 in glioma.
Previous results have shown that SMYD3 is expressed differentially in normal and cancer tissues (21) (22) (23) (24) . SMYD3 overexpression has been associated with progression in gastric and breast cancer (23, 25) . However, the effect of altered SMYD3 expression on the progression of glioma cells remains elusive. This study examined the expression of SMYD3 in glioma and investigated the relationship between SMYD3 expression and the clinicopathological characteristics of patients with glioma. This study demonstrated that there was a significant difference in SMYD3 expression between glioma and the normal tissues. These results were similar to those of previous studies of other human cancers (26) . Furthermore, high expression of SMYD3 in the gliomas was correlated with clinicopathological features, including tumor recurrence rate, histopathological classification and clinical stage. Overexpression of SMYD3 protein was thus correlated with poor prognosis of glioma patients. Overall survival rate was significantly different between the two groups, and these results showed that the higher the expression of SMYD3 protein, the lower the disease-free survival rate.
We also demonstrated that SMYD3 overexpression increased glioma cell proliferation and promoted tumorigenesis in vitro, whereas SMYD3 knockdown by shRNA inhibited tumorigenesis. These data are consistent with a recent study that investigated the function of SMYD3 in gastric and breast cancers (26, 27) . All of these findings are supported by a recent study, which reported that the overexpression of SMYD3 protein in breast cancer alters tumor cell fate and promotes tumor progression (27) .
The initiation and progression of glioma involves a series of genetic events including activation of oncogenes and inactivation of tumor suppressors (28, 29) . Genetic studies have also shown that p53 is a central regulator of cell growth, proliferation and apoptosis (20) . In this study, SMYD3 overexpression significantly decreased p53 expression, whereas SMYD3 knockdown produced an opposite effect in glioma cells. The inhibition of p53 by sirNA reversed the induction of shSMYD3 on glioma cell proliferation inhibition. Previous studies showed that SMYD2 monomethylates lysine 370 of p53; this lysine residue is located in the regulatory domain at the extreme carboxyl terminus of p53 (16) . Knockdown of SMYD2 by small interfering RNA was found to enhance p53-mediated apoptosis in cancer cells (16) . In addition, SMYD2-dependent p53K370 methylation impaired the expression of CDKN1A, an important downstream target of p53, implying that SMYD2 represses the function of p53 through K370 monomethylation. Thus, we hypothesized that the SMYD3 action may be through monomethylation of p53. However, the mechanisms involved in the expression profile of SMYD3 require further investigation. Additional studies are required to explore the relationships between the SMYD3 gene and other genes, and its relationship to other molecules that may be associated with glioma.
In conclusion, this study demonstrated for the first time that SMYD3 is overexpressed in glioma tissues. SMYD3 overexpression increased the growth of glioma cells in vitro and promoted glioma tumorigenesis in vivo. Therefore, SMYD3 is potentially an important molecular target for novel anti-glioma therapy.
